Introduction:

46
In spite of our wealth of knowledge about the natural world, biologists continue to be fascinated by the prevalence of sexual dimorphism. Where sexual dimorphism is often found, it is most often subtle, despite
Analysis of Sexual Shape Dimorphism (SShD)
167
Generalized Procrustes Analysis (GPA) was used to super-impose landmark configurations after correcting 168 for position and scaling each configuration by its centroid size. This procedure removes non-shape 169 variation from the data-size, orientation and position. From the nine two dimensional landmarks, we are 170 left with 14 dimensions of variation, and thus applied a Principal Components Analysis (PCA) to the 171 Procrustes coordinates (i.e., the shape coordinates after GPA) and the first 14 PC scores were used as shape 172 variables in subsequent shape analyses.
174
Two different shape scores were used in this study: one to examine sexual shape dimorphism and one to 175 assess the strength of the allometric relationship of shape on size. First, SShD was estimated using the 176 tangent approximation for Procrustes distance (i.e. Euclidian distance) between the average of male and 177 female wing shape for a given treatment. Additionally, we calculated shape scores from the multivariate 178 regression of shape onto size based on Drake and Klingenberg (2008) . Specifically we projected the 179 observed shape data onto the (unit) vector of regression coefficients from the aforementioned multivariate 180 regression. We used these shape scores and regressed them onto centroid size to approximate allometric 181 relationships. Confidence intervals for SSD and SShD as well as allometric coefficients were generated 182 with random non-parametric bootstraps, using 1000 iterations.
184
All significance testing for the analyses involving shape data was done with Randomized Residual 185 Permutation Procedure (RRPP) as implemented in the geomorph library in R. (Collyer et al. 2015) . This 186 method differs from the analyses in the original paper in two important ways. First, the linear model is 187 based upon Procrustes distances, and second the resampling procedure more easily enables inferences 188 within nested models (Collyer et al. 2015) with interaction terms. Specifically, this approach samples 189 (without replacement), the residuals from the "simple" model under comparison, adding these to fitted 190 values, and refitting under the "complex" model. We used the following models to assess the difference in We then performed such analysis for increasing degrees of interactions for the influence of sex, genotype, 197 genetic background and size (for models of shape variables).
199
SShD was calculated with one of two methods: the advanced.procD.lm() function in the geomorph package
200
(v.2.1.8) in R (v. 3.2.2) and standard Euclidean distances among treatment groups using the lm() function; 201 both approaches yielded equivalent results. To evaluate the mean shape difference caused by sex, we used 202 linear models based upon Procrustes distance (with RRPP) to compare models where sex is and is not a € r VC = SShD wt ⋅ SShD mt SShD wt × SShD mt 222
Where the SShD for each genotype is equal to difference between the female and male vectors within each 223 genotype. We used the absolute value of the numerator to avoid arbitrary sign changes. The denominator 224 consists of the product of the length (norm) of each vector. As with a Pearson correlation coefficient, a 225 value of 0 corresponds to no correlation, while a value of 1 means that each vector is pointing in the same 226 direction (even if they differ in magnitude). Approximate 95% confidence intervals were generated using a 227 non-parametric bootstrap of the data for each line (The alpha used for the 95% CIs were not adjusted for 228 the number of mutant alleles tested).
230
Statistical Analysis
232
All statistical analyses were conducted using R statistical software (version 3. 
238
Results:
239
Different wild type strains vary for Sexual Size Dimorphism (SSD) and Sexual Shape Dimorphism
240
(SShD) in wing morphology, for both direction and magnitude.
242
As each mutation was repeatedly backcrossed into two distinct wild type strains-Oregon-R (Ore) and 243 Samarkand (Sam)-we first examined patterns of sexual size and shape dimorphism between these two 244 strains.
246
We observed considerable, and highly significant, differences in both SSD and magnitude of SShD 247 between the wild type strains (Fig.1A) . Further, with respect to the vector of SShD, both wild-type 248 backgrounds were somewhat divergent (Fig.1B) . The computed vector correlation for SShD between both 249 backgrounds falls within the same range as those calculated for SShD by genotype (0.937, 95% CI 0.92, -250 0.95), suggesting only subtle changes in direction. Additionally, the allometric relationship between shape 251 and size differs between the two wild type backgrounds. While Ore has a stronger overall slope than Sam, 252 the magnitude of both males and females slopes are reversed by background; for females, shape has 253 stronger association with size relative to males in Ore (F 0.113, 95% CI 0.105, 0.122; M 0.099, 95% CI 254 0.091, 0.107), whereas the opposite is true for Sam (F 0.105, 95% CI 0.097, 0.113; M 0.120, 95% CI 255 0.112, 0.129). These differences in size, shape and allometry are all significant based on the randomized 256 resampling permutation procedure (see methods).
258
Despite tight control of experimental variables (food, temperature) we observed a surprising amount of 259 residual environmental variation for SSD and SShD among each replicate of the two wild type lineages. In 260 the design of the experiment, where for each mutation, within each background, wild-type controls were 261 generated from the cross that shared the environment (vials) with their otherwise co-isogenic mutant 262 sibling. As all of these offspring across the vials are genetically co-isogenic, and only differ in the subtle 263 aspects of rearing environment across vials, this allows us to assess some aspects of how environmental 264 variation influences SSD and SShD. As shown in Figure 1A , in addition to differences between the two 265 wild type strains for SSD and SShD, there is also variation around the mean estimates for each. Since each 266 data point in Figure 1A corresponds to each mutant's wild-type siblings from a given cross, these points 267 largely reflect variation among "vial" effects. Indeed, models based on Procrustes distance suggest that 268 there are significant vial effects (P = 0.009) and vial by sex (P = 0.001) even within the background control 269 populations, which are largely attributable to micro-environmental variation. This is somewhat surprising 270 as external sources of variation such as food (all from a common batch) and rearing temperature (all vials 271 reared in a common incubator, with daily rotation of vials to minimize edge effects) were highly controlled 272 in the experiment. This suggests that the magnitude of SSD and SShD for wing form is influenced by subtle 273 environmental changes, suggesting that high levels of replication to control for these factors is generally 274 necessary.
276
Despite many mutations having substantial effects on overall shape, a relatively small number influence 277 SSD and SShD.
279
As demonstrated in the original study (Dworkin & Gibson 2006) and confirmed here, the vast majority of 280 mutations have a significant influence on shape when measured in the heterozygous state (supplementary 281 table 1). Of the subset of 42 mutations used in the current study (from the original 50), all but 10 had a 282 significant effect for genotype (most surviving even a conservative Bonferroni correction) using the 283 Residual permutation (Collyer et al. 2015) . Of those 10, most had significant genotype-by-background 284 effects, consistent with the earlier study (despite a different underlying inferential approach). Despite this, 285 only 18 of the mutations showed evidence for "significant" sex-limited genotypic effects (based on the sex-286 by-genotype effects), of which 2 survived sequential Bonferonni correction. Additionally, another 12 show 287 evidence for significant effects of sex-by-genotype in combination with other factors in the model (size To understand these results more fully, we next focused on the magnitudes of SShD and the SSD index, 293 using non-parametric bootstraps to generate confidence intervals on our estimates. We performed the 294 analyses separately for each wild type genetic background given that they can differ for both magnitude 295 and direction of SShD. As shown in Fig.2 , while several mutants show significant effects for either SSD,
296
SShD or both in one or both of the backgrounds, the magnitudes of these effects are small, especially 297 considering the relatively large amount of environmental variation in SSD and SShD observed within 298 strains ( Fig.1A) . Interestingly, while only a few mutations showed evidence for an overall effect on size, 299 these tend to have sex-limited effects (Fig.2 ).
301
In addition to examining the magnitude of effects, we also examined the direction of effects, and whether 302 the mutations substantially changed the direction of SShD relative to their co-isogenic wild type. As shown 303 in Fig.3 , the mutations examined in this study generally do not substantially influence the direction of 304 SShD, with several notable exceptions such as the mutation in the Omb gene, as well as more subtle effects 305 from mutations such as sax, pnt, drk (among others). Even when the bootstrap confidence intervals do not 306 approach 1, the estimated vector correlation are still generally greater than ~0.9, suggesting only modest 307 changes in the direction of SShD.
309
Mutations do not substantially alter directions of SShD, nor patterns of allometry.
311
One important aspect of assessing variation in shape, and in particular in situations where there is either (or 312 both) SSD or SShD, is to account for the allometric effects of size on shape when computing the magnitude 313 and direction of SShD. One important approach is to assume a common allometric relationship between 314 size and shape across the sexes (after adjusting for mean differences in size and shape), and regressing out 315 the effects of size. Then using either the residuals or predicted values of shape (after accounting for size) to 
320
Prior to computing the allometry-corrected measure we examined this assumption among the mutations 321 used in this study. Of the 42 independent mutations (with their independent controls), 13 had a significant 322 interaction of sex-by-size on the influence of shape (with 3 surviving the sequential Bonferroni correction).
323
Another 8 of them had a sex-by-size interaction imbedded within a higher-order interaction term. Despite 324 this the overall magnitudes of effects and directions of allometric relationships appear to be highly similar, 325 with a few important exceptions ( Fig.4) . Thus it is unclear whether using an allometry-free correction is
Discussion
331
While previously underappreciated, it is clear that mutations in genes in several growth factor pathways can 332 act in a sex-specific manner. Of the 42 mutations analyzed, 12 had a significant sex-by-genotype 333 interaction on size, shape or both (Fig.2) . Only a few mutant alleles had the ability to affect the sexual 334 dimorphism in allometry, the relationship between shape and size ( Fig.4) . Furthermore, nearly all of the 335 mutants appear to act in a background-dependent manner, affecting shape or size in one genotype, but not 336 the other (Figure 2 ).
338
Previous research has demonstrated the ability of growth pathways to respond to various perturbations, (Ghosh et al. 2013; Shingleton et al. 2009; de Moed et al. 1997) . Our results are unique in that they allow 342 us to directly assess the effects of these perturbations on relative growth based on sex for both direction and 343 magnitude. Relative differences between male and female growth patterns due to these mutations are 344 ultimately responsible for the generation of SSD and/or SShD.
346
The importance of multiple independent control lineages 347 348
As expected, different wild type strains vary in magnitude and direction of effects for SSD and SShD
349
( Figure 1 ). The Oregon-R wild type background displays greater dimorphism in both size and shape 350 compared to Sam. Implicit in our results is the understanding that genetic background itself has a profound 351 effect on the underlying wild-type growth pathways and all of the downstream consequences this can have.
353
Somewhat more surprising is that both SSD and SShD appear quite environmentally sensitive (despite the 354 genotypic effects being relatively insensitive based on our previous work). While great care was taken to 355 reduce the effects of microclimactic variation, edge effects, nutritional variation and even genotypic 356 variation, our results demonstrate that size and shape dimorphism remain highly variable (Figure 1 ).
358
There always remains the possibility that environmental variation does not entirely account for the wild- and wild-types. This effect is somewhat unlikely, however, due to the fact that these recombination events mutants in this pathway that we utilized for this study. Since these mutants only represent a subset of those 386 with sex-limiting effects, we cannot assign causality to this pathway. Instead, this demonstrates that sex-387 limiting effects of genes interact with more complexity than previously understood; no one pathway 388 appears to be acting in a sex-dependent manner to generate shape/size.
390
Another candidate pathway involved in the generation of SSD is the Insulin and Insulin-like growth factor 391 (IIS)/Target of Rapamycin (TOR) pathway. Evidence suggests that components of this pathway, such as 
395
Further studies, such as Takahashi & Blanckenhorn (2015) have found that most mutations appear to 396 decrease the SSD of wing form. Our data appear to yield an interesting trend for the direction of SSD based 397 on genetic background. Ostensibly, growth-pathway mutants in the Ore wild type background tend to 398 decrease SSD, whereas mutants that affect SSD in Sam tend to increase it. At this point it is impossible to 399 say if this trend is biologically meaningful, but given that Ore has a greater underlying magnitude of SSD 400 (and is already in conflict with Rensch's rule), these mutations may be interfering with genetic mechanisms 401 influencing sexual dimorphism in the Ore background.
403
Our data is somewhat inconsistent with the findings of another previous mutation screen study, namely 404 those of Carreira et al. (2011), wherein the authors found a much greater proportion of random insertion 405 mutations appeared to have sex-specific effects on wing shape. The reasons for this are as of yet unclear, 406 but may reflect methodology, magnitude of mutational effects used or that in the current study all mutations 407 were limited to two signaling pathways. First, our methods allowed us to effectively tease apart the sex-408 limited interactions of sex for each genotype pair by plotting them in a size-shape space. Second, the 409 authors used a different wild type genetic background than either that were used in this study (Canton-S). It 
415
was homozygous for all mutants used. Their lines were chosen specifically for their non-lethal homozygous 416 phenotype, whereas mutation used in our study were chosen irrespective of lethality. Because of this, our 417 flies necessarily had to be heterozygous in order to avoid lethality associate with the homozygous 418 phenotype. Perhaps not all loss-of-function mutants within our study were sufficient to alter the phenotype Drosophila there are multiple quadrants of the developing wing imaginal disc whose individual sections 442 may grow more or less in relation to the others, thus altering the "shape" of the wing. Mutant phenotypes 443 may manifest as changes to large sections, such as a widening of the entire central portion of the wing (Ptc) 444 or they may be subtler in effect, altering the placement of only a single crossvein (cv-2) (Dworkin & 445 Gibson 2006). While these mutants may have local effects on size, such that they alter shape, what is less 446 clear is whether these mutants are affecting size in a localized manner or the actual shape itself.
448
The effects of each pathway appear relatively consistent despite differences in genetic background. While 449 mutations within the Egfr pathway tended to affect primarily SShD, those in the TGF-β pathway had a 450 more mixed effect (more frequently affecting SSD). This pattern suggests that genetic background may 451 only alter a mutation's quantitative effect, rather than its qualitative effect.
453
Ultimately, our results demonstrate the importance of distinguishing between the relative contributions of 454 each mutation to sexual dimorphism for shape, size or both. Of those mutants with sex-limited effects, even 455 fewer exclusively affect either shape or size dimorphism (Fig.2) . While some studies have been successful 456 in artificially altering SSD of specific traits through selection (Bird & Schaffer 1972; Emlen et al. 2005;  457 Reeve & Fairbairn 1996) , it is unclear whether whole trait size or simply trait shape (e.g. length) has been 458 altered. Our results demonstrate the need to exercise caution when discussing the effect of mutants on size 459 or shape dimorphism.
461
Reassessing the assumption of common allometry 462 463
One important method for quantifying "shape" changes involves examining allometric relationships, 464 specifically static allometry, which is the relationship among adult individuals between body size and organ 465 size (Huxley 1932; Stern & Emlen 1999) . In fact, one of the most obvious way that males and females can 466 differ is through differences in scaling relationships between body parts; these encompass some of the most 467 obvious sources of variation in the natural world (Bonduriansky & Day 2003; Shingleton et al. 2009 ). By 468 studying the relationship between two traits (e.g. body vs organ size), we can glean important information 469 about the relative growth of traits and, therefore, the underlying mechanisms of differences in the growth of 470 these traits. Consequently, allometry is an important tool for biologists to assess differences in size and 471 shape dimorphism within (and across) a species. Our results support the claim for the importance of 472 studying allometry by demonstrating that, while some mutants may have sex-limited effects on shape 473 and/or size dimorphism (Fig.2) , they do not necessarily effect the relationship between trait shape and size Allometric patterns of variation across sex and genotype are necessarily more complicated. While it is 497 known that shape (and shape dimorphism) is strongly influenced by its relationship with size, it is not 498 always clear that the assumption of a common allometric relationship across sexes is met. Previous studies 499 examining patterns of SSD and SShD (Gidaszewski et al. 2009 ) generally made the assumption of a 500 common allometric relationship between males and females within each Drosophila species. This was 501 despite their analysis suggesting that this assumption may not hold for all species. For the data we 502 examined here, we could reject this assumption based on inferences based on statistical significance. Yet, it 503 is clear that the magnitude of such differences were small, and allometric relationships were similar in most 504 cases. Indeed, the allometric influence of size on shape appears to be largely consistent with respect to 505 direction of effects, with a few notable exceptions (Fig.4) . Regardless, we erred on the side of caution with 506 this matter and decided to eschew analysis of SSD and SShD under assumption of common allometry. It is 507 worth noting that the assumption of common allometry did not substantially alter the observed results
508
( Supplementary Figure 1) . As with other studies, we suggest that a rejection of this assumption simply 509 based upon significance may not be optimal, and future work should determine what the consequences of 510 making such assumptions might be for studies of sexual dimorphism and allometry.
512
Our results clearly demonstrate the effects of growth pathway mutants on SSD and SShD. Most notably,
513
we cannot rule out the sex-specific effects of any genes involved in growth. Our results demonstrate the 514 current lack of understanding of how growth-related genes interact with the sex of the individual. By 515 visualizing the effects of each mutation within the framework of size/shape space we gain a previously 516 unrealized understanding of the role each mutant plays in generating a sex's phenotype. While this method 517 is especially powerful for studying sexual dimorphism, its applications are not restricted to it. We therefore 518 present this method as a means for dissecting the contributions of mutants to the development of size and 519 shape. 
